Our aim was to elucidate the physiological role of calpains (CAPN) in mammary gland involution. Both CAPN-1 and -2 were induced after weaning and its activity increased in isolated mitochondria and lysosomes. CAPN activation within the mitochondria could trigger the release of cytochrome c and other pro-apoptotic factors, whereas in lysosomes it might be essential for tissue remodeling by releasing cathepsins into the cytosol. Immunohistochemical analysis localized CAPNs mainly at the luminal side of alveoli. During weaning, CAPNs translocate to the lysosomes processing membrane proteins. To identify these substrates, lysosomal fractions were treated with recombinant CAPN and cleaved products were identified by 2D-DIGE. The subunit b 2 of the v-type H þ ATPase is proteolyzed and so is the lysosomal-associated membrane protein 2a (LAMP2a). Both proteins are also cleaved in vivo. Furthermore, LAMP2a cleavage was confirmed in vitro by addition of CAPNs to isolated lysosomes and several CAPN inhibitors prevented it. Finally, in vivo inhibition of CAPN1 in 72-h-weaned mice decreased LAMP2a cleavage. Indeed, calpeptin-treated mice showed a substantial delay in tissue remodeling and involution of the mammary gland. These results suggest that CAPNs are responsible for mitochondrial and lysosomal membrane permeabilization, supporting the idea that lysosomal-mediated cell death is a new hallmark of mammary gland involution.
The mammary gland is a highly dynamic tissue that undergoes several developmental stages. During pregnancy and lactation the epithelial cells proliferate and differentiate to produce milk. At the end of lactation there is a decrease in milk macronutrient synthesis, loss of secretory epithelial cells, collapse of alveolar structures and extensive tissue remodeling with re-establishment of the fat pad. This post-lactational regression, termed involution, provides an excellent 'in vivo' model to study the molecular mechanisms underlying cell death and tissue remodeling.
Over the last decade, genomic approaches have shed light into the key regulators of the involution phase, [1] [2] [3] with nuclear factor kappaB (NF-kB) playing a key role in both mammary gland development and involution. [4] [5] [6] Interestingly, calpain (CAPN)-1 and -2 were found among the 268 NF-kB target genes identified by chromatin immunoprecipitation (ChIP)-onchip experiments in 48-h-weaned glands. 7 CAPNs are a family of calcium-dependent cysteine proteases. The ubiquitously expressed CAPN1 and 2 are the best-characterized isoforms. Both enzymes are heterodimers, consisting of a small regulatory subunit (30 kDa) encoded by Capn4, and a large catalytic subunit (80 kDa) encoded by the Capn1 or Capn2 genes. 8 These two main isoforms differ in the calcium concentrations required for their activation 'in vitro' (mM or mM, respectively). 8 Both proteases co-exist with the endogenous specific inhibitor, calpastatin; however, upon calcium increase CAPNs become activated and destroy their inhibitor. 9 More than 100 proteins have been shown to be CAPN targets 'in vitro'. Regardless of this wide spectrum of substrates, CAPN-mediated protein cleavage is rather specific and occurs at a limited number of sites. 10 Therefore, under physiological conditions, CAPNs most probably regulate the protein's biological functions rather than protein degradation per se.
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CAPNs have been implicated in apoptosis, 12, 13 being involved in the mitochondrial pathway. In this sense, Bcl-2 and Bid are cleaved by activated CAPNs, promoting cytochrome c release and induction of the intrinsic apoptotic pathway. 12 Besides, although CAPNs are considered cytosolic proteases, CAPN1 is enriched in the mitochondrial fraction.
cathepsins into the cytoplasm during neuronal cell death. 18, 19 Although the molecular mechanisms underlying this process are not well understood, the 'CAPN-cathepsin cascade' begins with CAPN1-mediated cleavage of heat shock protein 70.1 at the luminal side and disruption of the lysosomal membrane. Consequently, the hydrolytic enzymes typically sequestered within lysosomes, primarily the cathepsins, are released into the cytosol. 20 Focusing on mammary gland involution, we should point out that calcium concentration increases in mammary tissue during weaning 21 and this could have a pivotal role in apoptosis 13 and mammary gland remodeling. Therefore, it is likely that CAPNs become activated during post-lactational regression. In the current study, we examined the expression pattern and activity of ubiquitous CAPNs in the involuting mammary gland. The aim of this work was to elucidate the biological importance of CAPN-mediated cleavage of new substrates from lysosomal membranes, reinforcing the new theory that lysosomal membrane permeabilization is crucial for mammary gland involution. 22 Results NF-kB binds the promoter of CAPN1 and 2 genes during post-lactational mammary gland involution. NF-kB is a key transcription factor that becomes activated early during involution and remains activated thereafter. 5, 6 To identify new NF-kB target genes, our group performed ChIP-on-chip experiments during weaning; among those genes calpain-1 and calpain-2 were identified. 7 ChIP showed binding of NF-kB (p65 subunit) and its coactivator p300 to capn1 and capn2 promoters after 48 h of weaning, while no NF-kB DNA binding was detectable at the peak of lactation (Figure 1a ). To determine if NF-kB binding activity was involved in the current transcription of these genes, the same cross-linked chromatin samples were used for RNA polymerase II (RNApol II) ChIP. 3 As shown in Figure 1b , no signal was noted in lactation; however, after weaning, the RNApol II was bound to the coding region of both genes.
Quantitative PCR (qPCR) was performed to determine mRNA steady-state levels of capn1 and capn2 during weaning (Figure 1c ), demonstrating that their expression was increased after 24 h of weaning, reaching the highest levels after 72 h of involution. We also found an increased expression of capn4, the gene encoding the small regulatory subunit of CAPNs, at different times after weaning (Supplementary Figure S1) . These results were in agreement with the increased protein levels observed for both CAPN1 and 2 during involution (Figure 1d ). It is noteworthy that for CAPN1, besides the expected 80-kDa band, a band with smaller molecular weight also appeared, indicating the aminoprocessing of this CAPN.
CAPN activation in involuting mammary gland. As a first step to investigate the involvement of CAPNs in mammary gland involution, we evaluated CAPN activity at different times after weaning (Figure 2a) . Cleavage of the CAPN substrate Suc-LLVY-AMC was statistically significant after 48 h of weaning, reaching a fourfold induction after 72 h of weaning compared with mice at the peak of lactation. CAPNs require Ca 2 þ for their activation and intracellular calcium levels rise within the involuting mammary gland as early as 6 h after forced weaning (Supplementary Figure S2a) . Our PCR and microarray experiments performed in lactating rats (Supplementary Figure S2b) or mice (Supplementary Figure  S2c and Supplementary Table 1 ) confirmed the abrogation of the plasma membrane calcium transporter Atp2b2 (plasma membrane calcium ATPase (PMCA2)) after 24 h of weaning and the downregulation of the secretory pathway Ca 2 þ -ATPases 1 and 2 (Atp2c1 and Atp2c2) at the mRNA levels. All these results are in agreement with previous studies in which loss of PMCA2 expression raised intracellular calcium levels and sensitized mammary epithelial cells to apoptosis. 23 In the presence of Ca 2 þ , autoproteolysis of CAPN1, 2 and 4 occurs at the amino-terminal domain, generating cleaved activated forms. 24 To show CAPN activation, western blots for CAPN1 and 2 were performed, using antibodies raised against the NH 2 -terminus epitope. As seen in Figure 2b , the immunoreactive band of 80 kDa disappeared after 24-48 h of weaning, for both CAPN1 and 2, indicating that autolysis was produced. Besides, immunostaining for NH 2 -CAPN1 showed no signal in histological samples from 24, 48 and 72 h of weaning ( Figure 2c ). Interestingly, we observed that CAPN1 was mainly confined to the apical side of epithelial cells during lactation (Supplementary Figure S2d) , likely where the main transporter PMCA2 is localized, pumping calcium into milk in the alveolar lumen. 23 CAPNs and mitochondrial cell death. Different studies have demonstrated that CAPN1 also appears within the mitochondria.
14 Therefore, one could hypothesize that CAPN activation could mediate mitochondrial programmed cell death during mammary gland involution. As can be seen in Figure 3a , CAPN1 is present not only in the cytosol but also in the mitochondria, whereas CAPN2 is only detectable in cytosolic extracts. Besides, CAPN activity was measured in mitochondrial extracts from control lactating and weaned mammary glands (Figure 3b) , showing a CAPN activation pattern similar to that observed in total extracts (Figure 2a) . Although CAPN2 is not detectable in the mitochondria, it could translocate upon activation and therefore be responsible together with CAPN1 for the changes observed. To elucidate this fact, immunofluorescence analysis of control and 48-h-weaned tissue was performed with antibodies against CAPN1, CAPN2 and cytochrome c oxidase IV (COX IV), used as a mitochondrial marker (Figure 3c ). Co-immunostaining of both CAPN1 and COX IV during weaning confirmed the presence of this protease within the mitochondria (arrowheads) in control and weaned mice. However, no co-localization was detected for CAPN2 and COXIV, neither in lactating nor in weaned mice. In agreement with this, western blot analysis showed that CAPN1 was present in mitochondrial fractions in both control and weaned mice (Figure 3d ) while CAPN2 did not translocate to the mitochondria upon activation (data not shown), supporting the idea that CAPN1 is the major player in mitochondrial destabilization. Indeed, concomitant with the increased activity, there is a loss of the CAPN1 amino-terminal domain and cytochrome c release from mitochondrial fractions to the cytosolic compartment (Figure 3d) .
To assess the role of CAPN1 in this pathway, intact mitochondria from control lactating mice were isolated and incubated with purified human CAPN1. Figure 3e shows that addition of CAPN1 triggers cytochrome c release from the mitochondria in a concentration-dependent manner. Interestingly, incubation of isolated mitochondria merely with calcium also induces a slight cytochrome c release, probably due to the intrinsic CAPN1 already detected on these organelles.
CAPN activity in lysosomes from weaned mammary glands. The CAPN system has recently emerged as an important player in regulating cell death, not only in the mitochondria, but also in lysosomes, where it causes apparent release of cathepsins B and D. 25 To corroborate this hypothesis, we isolated lysosomal enriched fractions from control and weaned mammary glands. The purity of the lysosomal fraction was assessed by western blot, using antibodies against different organelle markers (Figure 4a ). CAPN activity within lysosomes increased by twofold after 24 h of weaning, remaining elevated thereafter (Figure 4b ). Tissue sections from control lactating or 24-h-weaned mammary glands were double stained for the lysosomalspecific protein LAMP2 (lysosomal-associated membrane protein 2) and CAPN1 or 2. As shown in Figure 4c , both CAPNs co-localize with LAMP2 in weaning samples, indicating that upon activation both proteases translocate to the lysosomes. By western blot analysis of the lysosomal fractions, both CAPN1 and 2 were detectable, increasing their levels upon activation (Figure 4d , left panel). LAMP2a has been used as a molecular marker for lysosome stability. Figure 1 NF-kB activation regulates calpain expression during weaning. (a) Representative ChIP assay from control lactating and 48-h-weaned mammary glands showing the in vivo association of NF-kB (subunit p65) and its transcriptional coactivator p300 to the Capn1 and Capn2 promoters during weaning. (b) RNA pol II ChIP assay showing the presence of the RNApol II in the coding region of both Capn1 and Capn2. Chromatin was immunoprecipitated with anti-p65, anti-p300 or anti-RNApol II antibodies. An aliquot of the input chromatin and an unrelated antibody (UR) as negative control are also shown. Primers specific to the promoter or coding region for Capn1 and Capn2 genes were used to amplify the DNA isolated from the ChIP assay. (c) Real-time PCR was performed on both genes, Capn1 and Capn2, at different times after weaning (0, 6, 24, 48 and 72 h). Each PCR was normalized against the housekeeping gene 18S. Results are shown as mean ± S.E.M. (n ¼ 3). (d) Western blot analysis for CAPN1 and CAPN2 was performed in protein mammary extracts at day 10 of lactation (0 h) and 6, 24, 48 and 72 h of involution. In CAPN1, besides the bands at 80 kDa, bands at smaller molecular weights were also detected. Three separate mice were used per developmental stage. Equal loading was confirmed by reprobing the blot against a-tubulin. The intensity of the bands was measured by densitometry using ImageJ, and quantified against a-tubulin. In (c) and (d) ANOVA was performed for the statistical analysis, where different superscript letters indicate significant differences, Po0.05; the letter 'a' always represents the lowest value within the group We found that, concomitant with the increase in CAPN levels, LAMP2a almost disappeared after 24 h of weaning (Figure 4d , right panel). The reduction in LAMP2a levels was observed using an antibody that recognizes the cytosolic tail of the protein, whereas a western blot against LAMP2 (transmembrane domain) indicated that the levels of this lysosomal protein increase during involution, as has already been published. 22 To test if LAMP2a was indeed a proteolytic substrate for CAPNs, isolated lysosomes from control lactating mammary glands were exposed to recombinant CAPNs. Figure 5a shows that LAMP2a disappeared when lysosomal enriched fractions were incubated with increasing concentrations of either CAPN1 or CAPN2 in the presence of calcium. In the absence of CAPN and calcium, no LAMP2a degradation was observed; however, a slight decrease in LAMP2a levels was observed upon addition of calcium, most likely due to activation of intrinsic CAPNs. LAMP2a cleavage was also time-dependent (Supplementary Figure S3) . Nevertheless, it has been published that LAMP degradation is mediated by lysosomal cathepsins. 26 To discard this possibility, lysosomes were incubated with either CAPN1 or 2 in the presence of calcium and a set of protease inhibitors. The addition of the specific cathepsin B inhibitor Ca-074Me did not block LAMP2a cleavage ( Figure 5b , lanes 3-4). However, CAPN inhibitors, such as calpeptin (inactivates CAPN1 and 2 and papains) and CAPN inhibitor VI or ALLN (both inhibit CAPNs but also cathepsins B and L), inhibited CAPN activation, thus preventing LAMP2a degradation in vitro (Figure 5b , lanes 5-10). These results provide conclusive evidence that CAPNs are responsible for LAMP2a cleavage during mammary gland involution.
Identifying new CAPN substrates in lysosomal membranes. Proteomic studies were carried out in lysosomal Representative immunoblot for the amino-terminal domain of both CAPN1 and CAPN2 during involution of the mammary gland. a-Tubulin was used for normalization. In (a) and (b) ANOVA was performed for the statistical analysis, where different superscript letters indicate significant differences, Po0.05; the letter 'a' always represents the lowest value within the group. (c) Representative immunofluorescence staining for calpain 1 amino-terminal epitope (green) in the mammary gland of control (0 h) and weaned mice (0, 6, 24, 48 and 72 h). Autofluorescence and nonspecific binding was reduced using samples incubated with dilution buffer or secondary antibody (negative control). Cell nuclei are shown in blue (Hoeschst-33342). Bright-field images were included simultaneously to visualize the exact localization of immunofluorescence in mammary gland structure. Scale bar: 30 mm enriched fractions from control lactating mammary gland incubated in the presence/absence of recombinant CAPN (Figure 6a ). Treated and untreated samples were combined and analyzed by 2D-DIGE and mass spectrometry; 11 spots were excised and identified as potential CAPN subtrates. By using a recently published CAPN-cleavage prediction method based on Multiple Kernel Learning algorithms, 27 we could predict the cleavage sites of all the proteins identified, with a high score range ( Table 1) . Some of these proteins are located in endosomes, such as the long-chain fatty acid CoA ligase or the b2-glycoprotein 1. As our subcellular fractionation gives us an enriched lysosomal fraction but not purified, we cannot rule out the possibility that these proteins are indeed located in endosomes and not lysosomes. The presence of the vacuolar-type proton ATPase subunit B (VATB2) was remarkably interesting, not only for its cellular Figure 4 Calpain activity is increased in lysosomes during involution inducing Lamp2a cleavage. (a) Western blot in whole tissue (W) or lysosomal (L) extracts from control lactating mammary glands showing enrichment of the lysosomal fractions by using different organelle markers: Lamp2a (lysosomal marker), Calnexin (endoplasmic reticulum marker), AIF (mitochondrial marker), TGN38 (Golgi apparatus), nucleoporin p62 (nuclei) and GAPDH (cytosolic marker). (b) Quantification of calpain enzymatic activity on lysosomal-enriched fractions from control lactating (0 h) and weaned (6, 24, 48 and 72 h) mammary glands. (c) Intracellular co-localization of calpain-1 or -2 (green) and the lysosomal marker Lamp2 (red) is shown (arrowheads) in merged images from 24-h-weaned mammary glands. (d) Western blot analysis shows increased CAPN1 and CAPN2 protein levels in isolated lysosomes from involuting mammary glands compared with lysosomal extracts from day 10 of lactation (0 h) (left panel). Lysosomes isolated from lactating or weaned mammary glands were immunoblotted with an antibody that recognizes the cytosolic tail of Lamp2a or all Lamp2 isoforms (right panel). A representative immunoblot of four different experiments is shown. All values are shown as means ± S.E.M. ANOVA was performed for the statistical analysis, and different superscript letters indicate significant differences, Po0.05; the letter 'a' always represents the lowest value within the group function but also because the same protein was identified in several different spots. This protein of 511 amino acids is a subunit of the vacuolar H þ -ATPase (v-ATPase), a membrane-anchored, multi-subunit proton pump responsible for acidification of intracellular compartments. 28 CAPN breakdown of VATB2 was confirmed in vitro by immunoblot with a specific antibody (Figure 6b ). Besides, it was also demonstrated that during weaning this subunit from the v-ATPase disappeared from the lysosomal fraction (Figure 6c ), giving support to the idea that lysosomes from involuting mammary gland are more likely destabilized.
Inhibition of CAPN1 attenuates LAMP2a degradation and delays mammary gland involution. To study whether activated CAPN is involved in epithelial-cell death, we used calpeptin, a pharmacological inhibitor of CAPN, 29 in lactating mice once the litter was removed, during 3 days. Histological analysis of tissue sections from CAPN-treated mice demonstrated a substantial delay in mammary tissue regression compared with vehicle-treated controls (Figure 7a ). Furthermore, CAPN1 activation, as determined by NH 2 -terminal domain autolysis and LAMP2a cleavage, was completely prevented by calpeptin treatment (Figure 7b) . Surprisingly, CAPN2 For quantification, all values are means±S.E.M. ANOVA was performed for the statistical analysis, and different superscript letters indicate significant differences, Po0.05; the letter 'a' always represents the lowest value within the group levels did not change, suggesting that Lamp2a cleavage is mainly associated with CAPN1 activation.
Focusing on the changes observed in tissue regression and remodeling, mRNA levels of tenascin-C, a glycoprotein known to be upregulated during involution, 30 were measured. The expression of this extracellular matrix protein was lower in calpeptin samples compared to vehicle controls (Figure 7c) . Besides, we also measured mRNA levels of transforming growth factor beta 1 (TGF-b1), a key local regulator of mammary tissue involution. Indeed, mice overexpressing TGF-b1 demonstrated accelerated remodeling associated with involution. 31 In our calpeptin-treated mice, mRNA levels of TGF-b1 were significantly lower than in vehicle controls (Figure 7c) . Thus, the decrease in both tenascin-C and TGF-b1 mRNA levels suggests that inhibition of CAPN activity is delaying (but not abrogating) the remodeling process of involution.
Tissue apoptosis was assessed by the presence of oligonucleosomal fragments in cytoplasmic extracts from control lactating mice and 72-h-weaned mice injected with calpeptin or vehicle (Figure 7d ). Calpeptin treatment dramatically prevented the formation of oligonucleosomal fragments, which suggests that calpeptin administration inhibits the extent of apoptosis in involuting mammary tissue. Surprisingly, when measuring caspase-3 activation we found higher levels of cleaved caspase-3 and activity in calpeptintreated mice. Immunostaining of cleaved-caspase 3 nicely showed epithelial cells undergoing cell death, either shed into the lumen or still within the glandular structures, in calpeptintreated glands (Figure 7e ). The absence of positive cells for active caspase-3 in vehicle-treated mice might be explained by the collapse of mammary gland architecture and apoptosis of epithelial cells that had already taken place earlier during the weaning process.
From the results presented herein, one could infer that CAPN1 has a major role in lysosomal destabilization. Thus, we separately knocked down CAPN1 with specific small interfering RNA (siRNA) in 72-h-weaned mammary glands in vivo. Transfected mammary tissue exhibited a significant decrease in CAPN1 protein levels compared with 72-hweaned mice. However, levels of CAPN2 were similar to those of non-silenced weaned glands. Cleavage of LAMP2a was blocked by siRNA silencing of CAPN1 (Figure 7f ).
Discussion
Mammary gland involution is a complex process that involves epithelial-cell death and tissue remodeling. Among the Bold numbers indicate the best predicted score for the cleavage site of each protein
Role of calpains in mammary gland involution T Arnandis et al signaling pathways involved, the NF-kB pathway becomes activated early during involution. [3] [4] [5] [6] NF-kB regulates the expression of a large number of genes involved in multiple biological processes, including apoptosis. We have shown that both Capn1 and 2 are regulated by NF-kB during mammary gland involution (Figure 1a) . Besides, there is evidence suggesting that NF-kB is involved in the activation of Capn4 in hepatoma cells. 32 The CAPN system is a key mediator of programmed cell death in several experimental models. 19, 29, 33 The results presented herein demonstrate that (a) CAPN activity increases during involution and (b) the CAPN system seems to be involved not only in mitochondrial cell death but also in lysosomal destabilization.
At the end of lactation there is a substantial increase in calcium levels, which might be not only due to milk stasis within the alveolar lumen but also due to a marked decrease in the main calcium transporter, PMCA2 (Supplementary Figure 2) . This Ca 2 þ increase 21,23 is enough to activate CAPNs, as autolysis is produced and both CAPN1 and 2 lose their amino-terminal tail after 24 h of weaning (Figure 2b) . It is likely that the localization of CAPN1 near the apical side of the epithelial cells (Supplementary Figure 2d) will favor this activation, as this is where PMCA2 pumps Ca 2 þ within the lumen. Accordingly, when this transporter disappears, calcium would mainly accumulate on that side of the cell.
Activation of CAPNs results in the cleavage of several substrate proteins, mainly located in the plasma membrane but also in other organelles such as the mitochondria. [14] [15] [16] [17] 33, 34 Upon activation, CAPNs cleave apoptosisrelated proteins, triggering cytochrome c release from mitochondria and inducing caspase activation. 12 Our data demonstrate that CAPN1 is already localized in the Representative western blot analysis of at least three independent biological samples showing calpain-1 and -2, Lamp2a and total Lamp2 (tLamp) in control lactating (0 h), 72-h-weaned mice and 72-h-weaned mice in which calpain-1 was knocked down by specific siRNA treatment (siRNA calpain-1). a-Tubulin was used as loading control Role of calpains in mammary gland involution T Arnandis et al mitochondria during lactation (Figure 3a ) and becomes activated during involution, releasing cytochrome c (Figure 3d ). CAPN-dependent cytochrome c translocation was further demonstrated by incubation of isolated mitochondria with CAPN1 in the presence of calcium (Figure 3e ). Overall, CAPN activation seems to have a key role in the mitochondrial apoptotic pathway that has already been described in mammary gland involution. An additional finding was that CAPNs were also active within lysosomes (Figure 4b) . These results provide new evidence for lysosomal-mediated cell death in mammary gland involution, supporting the idea that this event takes place even earlier than the mitochondrial intrinsic pathway and caspase-3 activation. With regard to the possible substrates for CAPN cleavage, LAMP2 was considered a good candidate. LAMP2 is a lysosomal-associated membrane protein that is highly glycosylated, the function of which remains to be elucidated. It has been proposed to protect the lysosomal membrane from attack by lysosomal proteases; besides, it is a receptor for selective degradation of cytosolic proteins. 35 Lamp2 mRNA and protein levels are known to increase during involution; 22 however, when using an antibody against the cytosolic tail of LAMP2a, degradation of this protein occurs after litter removal (Figure 4d) . Furthermore, the data presented above demonstrated that LAMP2a turnover in the mammary tissue is CAPN-mediated. Lysosomes incubated with CAPNs in the presence of calcium and several CAPN inhibitors showed reduced rates of LAMP2a degradation, while the cathepsin B inhibitor, Ca-074, had no effect on LAMP2a cleavage (Figure 5b ). This truncated LAMP2a might have a direct effect on the permeability of the lysosomal membrane 35 that has been shown to increase leakiness during involution. 22 To gain a deeper knowledge in CAPN function on lysosomes and discover new substrates we used 2D-DIGE in lysosomes after CAPN treatment. VATB2 was identified as a CAPN target (Figure 6b ). Several papers in the literature emphasize the importance of this proton pump in lysosomes. In fact, inhibition of the v-ATPase neutralizes the pH of lysosomes, causes lysosomal dysfunction and induces apoptosis in several cancer cell lines. 36, 37 Taken together, our results shed further light on the lysosomal-mediated cell death that occurs during involution. Activated CAPNs would translocate to the lysosomal membrane, cleaving substrate proteins such as the cytosolic tail of LAMP2a or the subunit b 2 of the v-ATPase. As a result of this selective proteolysis, lysosomal membrane would be destabilized, inducing membrane permeabilization, which would finally lead to cathepsin release.
Finally, experiments in vivo with the CAPN inhibitor calpeptin showed a prominent role for CAPNs in mammary gland involution, as there is a substantial delay of this process in calpeptin-treated mice. Surprisingly, calpeptin treatment prevented autolysis of CAPN1, but not 2; however, LAMP2a degradation was abolished with the administration of this inhibitor. In accordance with these results, silencing calpain-1 with siRNA during weaning also blocked LAMP2a cleavage (Figure 7f ). These data suggest that the lysosomal destabilization observed in weaned glands occurs mainly through CAPN1 activation. However, we do not rule out a synergistic role for CAPN2 in other lysosomal targets or compartments during mammary gland involution. Therefore, inhibiting CAPNs during involution could result in the disturbance of several signaling pathways and as a consequence apoptosis is delayed, as demonstrated by the decreased nuclear fragmentation (Figure 7c ).
Physiological implications. Programmed cell death is a key event of mammary gland involution by which epithelial cells are eliminated. Conventionally this process was supposed to be caspase-mediated apoptosis; however, accumulating evidence indicates that necrotic cell death can also be a regulated process occurring during mammary gland involution. We postulate that CAPNs might be involved in both forms of cell death. During mammary gland involution ubiquitous CAPNs are activated; these proteases first cleave substrates on the lysosomal membrane after 24 h of weaning and, in a second phase of involution, CAPNs induce the intrinsic mitochondrial apoptotic pathway. Taking into account these data, it seems that lysosomal dysfunction has an important role in the early events that occur during involution. Both pathways, lysosomal and mitochondrial, are involved in the epithelial-cell death and tissue remodeling by caspase-3 activation and cathepsin release (Figure 8 ). 
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Mitochondria Figure 8 Hypothetical model of the findings described in this paper. Calpain activation during weaning is involved in both lysosomal permeabilization and mitochondrial destabilization, triggering mammary gland involution. Forced weaning induces NF-kB activation that translocates to the nucleus and promotes expression of downstream target genes such as calpains. Besides, calcium accumulates within the cells and results in the activation of calpains. During the first stage of mammary gland involution, calpain-1 is traslocated to the lysosomal membrane, where it cleaves the cytosolic tail of Lamp2 and other membrane proteins such as VATB2, contributing to destabilizing lysosomes and releasing cathepsin D into the cytosol. This cleavage is prevented by calpeptin and other calpain inhibitors. At the second phase of involution, mitochondrial calpain-1 facilitates mitochondrial permeabilization, thus inducing cytochrome c release and triggering caspase-dependent apoptosis 
Materials and Methods
Animals and tissue extraction. C57BL/6 mice were obtained from Taconic (Ejby, Denmark). Ten-week-old virgin female mice were mated and males were subsequently removed at mid-gestation. Following parturition, litters were maintained with at least seven pups. Then, at the peak of lactation (days 9-11), mice were divided into different groups: control lactating mice and weaned mice, whose pups were removed 10 days after delivery to initiate involution. The weaning took place for 6, 24, 48 and 72 h before death. Mice were given intraperitoneally a single dose of sodium pentobarbital (60 mg/kg of body weight) freshly dissolved in 0.9% NaCl (Braun Medical, Rubí, Barcelona, Spain). Then, the inguinal mammary glands were removed and quickly freeze-clamped in liquid nitrogen or fixed in formaldehyde for histological studies. All the animals were given food and water ad libitum and housed in a controlled environment ( Histological studies. Inguinal mammary glands from lactating and weaned mice were fixed in 4% p-formaldehyde and embedded in paraffin after removal. Tissue sections of 5 mm size were cut and stained with hematoxylin and eosin for histological studies. Pictures were taken with Leica DMD 108 (Leica, Wetzlar, Germany).
Immunofluorescence analysis. For immunohistochemistry, 5-mm sections were de-paraffinized in xylene, rehydrated through a graded series of alcohol and washed with PBS. After antigen retrieval (10 min boiling in 10 mM tri-sodium citrate buffer, pH 6.0), sections were blocked in 5% normal goat serum (Dako, Glostrup, Denmark) for 1 h at room temperature and incubated overnight at 4 1C with one of the following primary antibodies: CAPN1 (both -NH 2 and -COOH terminus domain), LAMP2, COX IV and cleaved caspase-3 from Abcam (Cambridge, UK) and CAPN2 from Cell Signaling (Danvers, MA, USA). Alexa Fluor 488 anti-rabbit IgG, Cy3 anti-rat IgG (both from Invitrogen, Carlsbad, CA, USA) or Cy3 anti-mouse IgG (Sigma Aldrich, St. Louis, MO, USA) were used for detection. Non-specific binding was reduced by incubating the sections in secondary antibodies. Nuclei were counterstained with Hoechst 33342 (Invitrogen). The pictures were acquired on a Leica TCS-SP 2 confocal microscope.
ChIP assays. Chromatin from mammary tissue was fixed and immunoprecipitated as described previously. 3, 38 The following antibodies from Santa Cruz Biotechnology (Santa Cruz, CA, USA) were used: p65 (sc-109), p300 (sc-585) and RNA pol II (sc-899). After DNA purification, Input, Immunoprecipitated and Unrelated Ab fractions were analyzed by PCR with specific primers for either Real-time quantitative PCR (RT-qPCR) analysis and reverse transcriptase (RT)-PCR. Total RNA from mammary tissue was extracted by TRIzol (Invitrogen) followed by additional column purification (RNeasy, Qiagen, Hilden, Germany). RNA quantity and purity were determined using NanoDrop ND-2000 (NanoDrop Technologies, Wilmington, DE, USA), and RNA integrity was assessed by determining the RNA 28S/18S ratio using RNA 6000 Nano Labchips in an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
RNA (500 ng) was reverse-transcribed into cDNA at 37 1C for 60 min and 95 1C for 5 min using a high-capacity RNA-to-cDNA kit (Applied Biosystems, Foster City, CA, USA). The cDNA products were amplified by qPCR using the GeneAmp Fast PCR Master Mix (Applied Biosystems). All reactions were carried out in triplicate.
RT-q PCR was run in the 7900HT Fast Real-Time PCR System (Applied Biosystems). Pre-developed Taqman primers specific for Capn1, Capn2, Capn4, PMCA2, TGF-b, Tenascin-C and 18S were purchased from Applied Biosystems. Results were normalized according to 18S quantification in the same sample reaction. The threshold cycle (Ct) was determined, and the relative gene expression was expressed as follows:
where DCt ¼ Ct (target) À Ct (18S), and D(DCt) ¼ DCt (weaned) À DCt (control).
Total protein extraction and immunoblotting. Total protein was extracted from snap-frozen mammary glands (0.1 g) by homogenization in a buffer containing detergents and protease inhibitors as described previously. 5 Equal amounts of protein (15 mg) were separated by SDS-PAGE and transferred onto nitrocellulose membranes (Protran, Whatman, Dassel, Germany). After addition of the corresponding primary antibody, immunocomplexes were revealed by using a HRP-conjugated secondary antibody (Dako), as appropriate, and subsequent peroxidase-induced enhanced chemiluminescence reaction (ECL Detection Kit, GE Healthcare, Uppsala, Sweden). The intensity of the bands was measured by densitometry using ImageJ (National Institute of Health, Bethesda, MD, USA). Equal loading was confirmed by reprobing the blot against a-tubulin and by Ponceau Red staining. The following primary antibodies were from Abcam: CAPN1-NH 2 (ab28257), CAPN2-NH 2 (ab39165), CAPN1-COOH (ab39170), calnexin (ab22595), glyceraldehyde-3-phosphate dehydrogenase (ab8245), AIF (ab1998), LAMP2 (ab13524) and ATP6V1B2 (ab73404). The following primary antibodies from Santa Cruz were used: TGN38 (trans-Golgi network protein 2) (sc-33784), cytochrome c (sc-7159) and a-tubulin (sc-5286). Finally, CAPN2-COOH (3372) was from BioVision (San Francisco, CA, USA), LAMP2A (PA1-655) antibody was from Pierce Antibodies (Rockford, IL, USA), cleaved caspase-3 (Asp 175) was from Cell Signaling (9661) and an antibody against nucleoporin p62 (MAb414) was from Covance (Princeton, NJ, USA).
CAPN activity assay. CAPN activity was measured using Suc-LLVY-AMC as the fluorogenic substrate provided in the 'calpain activity assay kit' (QIA-120, Calbiochem, Billerica, MA, USA). Proteins (30 mg) obtained from total, lysosomal or mitochondrial extracts were solubilized in cell lysis buffer. CAPN activity was determined by subtracting the activity obtained using a CAPN-inhibition buffer containing BAPTA (a calcium chelator that completely blocks CAPN activity) from the activity detected with the activation buffer containing calcium and a reducing agent (TCEP) according to the manufacturer's instructions.
Subcellular fractionation: isolation of lysosomes and mitochondria. For lysosomal isolation a 'lysosome enrichment kit' (#89839, Thermo Scientific, Waltham, MA, USA) was used according to the manufacturer's instructions. Briefly, inguinal mammary glands were minced and homogenized in a Dounce glass homogenizer and centrifuged at 500 Â g for 10 min to remove cell debris. The supernatant was subjected to a discontinuous iodixanol gradient (17-30%) and centrifuged at 145 000 Â g in an Optima-XL Ultracentifuge (Beckman Coulter, Brea, CA, USA). The lysosomal fraction was removed from the top of the gradients, and then washed with PBS and stored at À 80 1C until use.
Mammary gland mitochondria were obtained by differential centrifugation, as described. 39 Briefly, minced mammary glands were homogenized and centrifuged at 1000 Â g for 10 min. Supernatants were then centrifuged at 10 000 Â g for 10 min to purify the mitochondria. Mitochondrial pellets were then solubilized in a buffer solution containing 0.3 M sucrose, 1 mM EGTA, 5 mM MOPS, 14.7 mM BSA and 5 mM KH 2 PO 4 , pH 7.4, and stored at À 80 1C.
In vitro CAPN assay in mitochondria and lysosomes. Analysis of mitochondrial permeabilization was performed using mitochondrial extracts, isolated as mentioned above. These were incubated for 15 min at 37 1C with different units of recombinant CAPN1 in the presence of calcium (0.5 mM). After the incubation, samples were centrifuged at 10 000 Â g for 15 min at 4 1C. Supernatants were carefully removed and analyzed by western blot.
To analyze lysosomal LAMP2a cleavage, different units of recombinant CAPN1 and 0.5 mM calcium were incubated with enriched lysosomal extracts for 15 min at 37 1C in a solubilization buffer (HEPES-KOH 20 mM, sucrose 250 mM, KCl 10 mM, MgCl 2 1.5 mM, EDTA 1 mM, EGTA 1 mM, DTT 8 mM and PMSF 1 mM, at pH 7.5). After incubation, lysosomes were pelleted at 17 000 Â g for 15 min at 4 1C and resuspended in CHAPS buffer prior to western blot analysis. The same procedure was followed for CAPN2 supplemented with calcium (5 mM). Finally, to assess whether Lamp2a was cleaved by CAPNs or by cathepsins, different CAPN and cathepsin inhibitors were used. Lysosome extracts were incubated as described above, but supplemented with different concentrations of Ca-074Me (5, 20 mM), calpeptin (15, 50 mM), CAPN inhibitor VI (50, 100 mM) or ALLN (50, 100 mM).
Two-dimensional gel electrophoresis. A DIGE approach was used to identify endogenous CAPN substrates in enriched lysosomal fractions from lactating mice. In all, 10 U of recombinant CAPN2 was incubated with half of the preparation for 1 h at 37 1C in the presence of 5 mM calcium. Control samples were incubated in the same conditions but without CAPN2. After incubation, CAPN-treated samples and control counterparts were labeled alternatively with Cy-3 or Cy-5 and recombined. A pool of both samples was labeled with Cy-2 for normalization. The recombined sample was subjected to first-dimension isoelectric focusing on immobilized pH gradient strips (pH 3-7, BioRad, Hercules, CA, USA) in a Protean IEF Cell. The IPG strips were then loaded at the top of a 12.5% SDS-PAGE. For Sypro Ruby staining, the gels were stained following the manufacturer's instructions. Relative quantification of gel features was achieved using DeCyder software (v7.0, Amersham Biosciences, GE Healthcare). Images from separate gels were matched with the BVA software using the Cy-2 labeled image on each gel for normalization. Quantitative differences were only accepted when at least a 1.5-fold change was confirmed in three independent experiments. The statistical significance of the differences was calculated using Student's t-test and accepted when the value was Po0.05. MS/MS analysis was performed as previously described 40 by the Proteomics and Bioinformatics Unit, Centre for Applied Medical Research (CIMA) at the University of Navarra (Pamplona, Spain).
Calpeptin administration in vivo. CAPN inhibitor studies were carried out in 10-day lactating mice, in which pups were removed prior to the first administration. Calpeptin (#03-34-0051 from Merck Chemicals, Nottingham, UK) was dissolved in DMSO and further diluted in physiological saline (10 mg/ml). A quantity of 40 mg/kg was administered by intraperitoneal injection every 12 h during 3 days. A second group of control mice received vehicle alone. After 3 days, inguinal mammary glands were removed, fixed in p-formaldehyde or freeze-clamped in liquid nitrogen until further use.
Depletion of CAPN1 in mouse mammary gland. Lactating mice at the peak of lactation were forced weaned and treated with CAPN1 siRNAs from Sigma-Aldrich (Mission esiRNA, EMU057001) during 3 days. siRNA (5 mg per 24 h during 3 days) was injected locally to inguinal mammary glands mixed with L-PEI (in vivo-jetPEI, PolyPlus-Transfection, Illkirch, France), following the manufacturer's instructions. Successful transfection of CAPN1 siRNAs was confirmed by western blotting analysis of mammary tissue homogenates.
Determination of oligonucleosomal DNA fragments. The presence of soluble histone-DNA complexes was measured by the 'Cell Death Detection Assay' (#11774425001, Roche Diagnostics, Mannheim, Germany). Cell death enzyme-linked immunosorbent assays were performed according to the manufacturer's instructions. Specific enrichment of mono-and oligonucleosomes released into the cytoplasm (enrichment factor) was calculated as the ratio between the absorbance values of the samples obtained from 72-h-weaned mice (calpeptin-treated and untreated) and 10-day-lactation controls.
Measurement of caspase-3 activity. Caspase-3 activity was measured in mammary tissue lysates using the 'Caspase-3/CPP32 Colorimetric Assay Kit' (#K106, BioVision, Mountain View, CA, USA) as previously described. 5 Statistics. Data are presented as means±S.E.M. and were analyzed by a one-way ANOVA. Significant differences were determined by Tukey-Kramer test. Differences were considered significant at Po0.05, and different superscript letters indicate significant differences in the figures. The letter 'a' always represents the lowest value within the group. Independent experiments were conducted with a minimum of three replicates per condition to allow for statistical comparison. In Figure 7c , Student's t-test with Bonferroni correction was used for comparison between the calpeptin-treated and control groups.
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